We recorded the signals of firing Retzius neurons from Hirudo medicinalis by field-effect transistors. The axon stump of dissociated cells was attached to an open gate coated with concanavalin A. We observed a new type of neuron-transistor coupling: the extracellular voltage transients beneath the neuron were dominated by a negative peak during the rising phase of the action potential with a weaker positive transient in the falling phase. The biphasic response was opposite to the signal of capacitive coupling. We simulated the junction on the basis of the Hodgkin-Huxley equations. We found that the negative transient corresponded to an inward flow of sodium and the positive response to an outward flow of potassium. The field-effect transistors are able to probe the local flow of ionic currents in a membrane which is hidden in the region of cell adhesion. They may become a novel tool in neuroscience.
Introduction
Open field-effect transistors record a local change of the electrical potential in an electrolyte with a resolution of a few micrometers (Fromherz et al., 1991 (Fromherz et al., , 1993 Weis et al., 1996; Weis & Fromherz, 1997) . They are able to detect the transient extracellular voltage beneath a single neuron which is attached with its cell membrane to a transistor as illustrated in Fig. 1 . Electrical current through the attached membrane gives rise to a voltage drop along the narrow cleft between the membrane and the insulating silicon dioxide of the chip. The resulting change of extracellular voltage modulates the electronic current in silicon from source to drain. Field-effect transistors may become a novel tool in neuroscience to study nerve cells in the region of adhesion and the activity of large neural networks.
Hitherto, two types of response were observed with Retzius cells from Hirudo medicinalis attached to the transistors with poly-lysine: The extracellular voltage transients were biphasic with a positive peak in the rising phase of the action potential (AP) (A-type) or monophasic with a positive peak at the maximum of the AP (B-type) (Fromherz et al., 1991; Jenkner & Fromherz, 1997) . The signals were assigned to the capacitive current through the attached membrane and to an enhanced ohmic current, respectively (Fromherz et al., 1993; Weis & Fromherz, 1997) .
In this paper we present a new type of neuron-silicon junction. It was observed when Retzius cells were attached to the transistors with their axon stump using concanavalin A as an adhesive. The response was dominated by a negative transient during the rising phase of an AP with a weaker positive peak in the falling phase in some cases. First we describe the experimental set-up. Then we present three representative examples of the new coupling. We simulate the junction with an electrical circuit on the basis of the Hodgkin-Huxley equations. A comparison of theory and experiment indicates the nature of voltage-gated ionic currents in the attached membrane which are responsible for the signals.
Materials and methods

Chips
We used chips with linear arrays of metal-free p-type field-effect transistors on n-type silicon. Their fabrication was described in previous papers (Fromherz et al., 1991; Weis et al., 1996) . In one chip the spacing of 12 transistors was 5.2 µm at a size of the gates 1.4 ϫ 2.6 µm. Circular openings were etched in the field oxide (thickness 1 µm) above the transistors with diameters of 5-20 µm. The thickness of the gate oxide was 12 nm. In a second chip the spacing of 96 transistors was 4.6 µm at a size of the gates 2.4 ϫ 2.3 µm. Here all transistors were within a single rectangular opening in the field oxide (55 ϫ 650 µm) (V. Kiessling et al., unpublished data) . The thickness of the gate oxide was 8 nm. In both chips the individual gate regions were separated from each other by areas of thick oxide made by local oxidation of silicon (Weis et al., 1996) . A circular chamber of Plexiglas (bottom diameter 3 mm) was attached. Source and bulk silicon were kept at a positive voltage to the electrolyte in the chamber at ground potential (V ES ϭ Ϫ 2 V). The voltage from drain to source was V DS ϭ Ϫ 2 V. The source-drain current was about I D ϭ 50 µA. The transistors were calibrated before each measurement. A change of the voltage on the gate of ϩ 10 mV altered the sourcedrain current by -0.5 µA.
Neurons
Retzius cells were dissociated from ganglia of the leech Hirudo medicinalis (Dietzel et al., 1986) . They were kept in a Petri dish (Costar no. 3035, Cambridge, MA, USA) at 20°C in Leibovitz-15 medium (Sigma L5520, Heidelberg, Germany) supplemented with 30 µg/mL gentamycin sulphate (Sigma, G3632), 0.5 mg/mL glucose (Merck, 8837, Darmstadt, Germany), 0.3 mg/mL L-glutamine (Sigma, G5763) and 2% fetal calf serum (Gibco, 10106151, Eggenstein, Germany). The neurons were used after about 1 h. 
Neurons on chip
The chips were wiped with an alkaline detergent (2% Tickopur RP100, Bandelin, Berlin) at 60°C, rinsed extensively with Milli-Q water (Millipore, Bedford, MA, USA) and dried with nitrogen. After 2 h the surface of the chips was made hydrophobic by exposition to nitrogen saturated with HMDS (hexamethyldisilazane) (Merck, 11409) for 10 min. Then the chip was coated with concanavalin A (Sigma C5275) which promotes the outgrowth of leech neurons (Chicquet & Acklin, 1986) . A solution of about 1 mg/mL in pure water was centrifuged for 10 min at 9000 g and applied for 4-5 h. The supernatant was removed and the chip was rinsed several times by applying 600 µL serum-free Leibovitz-15 medium. Finally, the chamber was filled with 600 µL of supplemented medium. Single neurons were placed on the chip under a stereomicroscope using a glass pipette with an opening of 100 µm. The axon stumps were adjusted to the gate area as closely as possible. The cells adhered immediately after touching the surface. They were cultivated for 1 day.
Set-up
An attached neuron was impaled with a glass microelectrode filled with 4 M potassium acetate (resistance 10 M Ω ). The Ag/AgCl electrode was connected with a bridge amplifier (npi-electronic, BA-1S, Tamm, Germany). APs were elicited by injecting a current of about 1.6 nA for 20 ms. The intracellular voltage was recorded at a bandwidth of 10 kHz and fed into a computer. The source-drain current of the transistors was transformed into voltage, amplified and stored. Changes of the source-drain current were transformed into changes in extracellular voltage V J using the slope of the transistor at its working point. Because the signals were rather weak we averaged the response of repetitive stimulations. We used the maxima of the intracellular APs as a reference. It was checked that the shape of the APs was invariant during a series of measurements.
Results
The response of the transistors was dominated in all experiments by a negative extracellular voltage transient in the rising phase of the AP. This feature differed qualitatively from the A-type and B-type junctions with the soma of Retzius cells on transistors (Fromherz et al., 1991; Jenkner & Fromherz, 1997) . There a positive peak appeared in the rising phase of the AP (A-type) or in coincidence (B-type) with the AP. We call the novel junctions 'C-type'. We observed three subtypes, which are illustrated in Fig. 2 . Figure 2a shows a neuron with the axon stump across the linear array of transistors with the intracellular voltage and the response of one transistor. A negative extracellular voltage transient was recorded in the rising phase of the AP, followed by a distinct although weaker positive peak in the falling phase. Twenty-eight signals were averaged. For comparison a single sweep is shown in Fig. 3 . The biphasic response is superposed with noise in the same spectral range. The adjacent transistors showed a similar although weaker response. We observed four of these C1-type couplings with almost identical shape. The amplitudes of the negative peak were -0.4 mV, -0.4 mV, -0.4 mV and -1 mV. The junctions could be stimulated reproducibly within 15-30 min. Figure 2b shows another neuron with the axon stump across the array of transistors. Here we found a negative extracellular voltage transient in the rising phase of the AP with no secondary positive peak in the falling phase. Twenty-seven signals were averaged. We observed four of these C2-type junctions -with no or very weak positive peak. The amplitudes were -0.25 mV, -0.3 mV, -0.4 mV and -1.2 mV. A similar signal has been observed once in a previous study (Stett, 1995) .
In Fig. 2c the axon stump of a neuron is attached close to the transistors. The transistors themselves are covered probably by a neurite grown in culture. Here the negative transient in the rising phase of the AP was followed by a second negative peak in the falling phase. The amplitude was -3.5 mV. Eighteen signals were averaged. This C3-type signal was observed only once.
Discussion
First we describe a representative circuit of the neuron-silicon junction. Then we consider a family of numerical simulations, varying the density of ion channels in the junction. By comparison with the experiment we obtain an interpretation of the different waveforms observed.
Point-contact model
A neuron-silicon junction forms a two-dimensional core coat conductor: the cell membrane and the silicon dioxide separate the electrolyte in the extracellular cleft from the cell plasma and from the silicon, respectively (Fig. 1 ). Capacitive and ionic currents flow through the attached membrane. They create a voltage drop along the narrow extracellular cleft. Changes of the voltage in the junction are detected by a transistor. The electrical properties of the junction can be described by a simple circuit with average specific properties of the region of adhesion and a local voltage V J in the junction (Weis & Fromherz, 1997) . A generalized version of this point-contact model is shown in Fig. 4 as it was considered also for planar metal electrodes Fig. 2a with the biphasic response of a C1-type junction. (Regehr et al., 1988 (Regehr et al., , 1989 . The membrane in the junction has a specific capacitance c JM and specific conductances g i JM of ion species i with local reversal voltages V i J0 . The cleft between membrane and chip is characterized by an average conductance per unit area of adhesion site g J . It depends on the width d J of the cleft and the specific resistance ρ J of the electrolyte there. For a circular junction of radius a J it is given by Equation 1 (Vassanelli & Fromherz, 1997) .
The perturbation by the chip is given by a specific capacitance c JG of the gate region. It is superfluous to take into account explicitly the physics of the transistor (Grattarola & Martinoia, 1993) , because the measured modulation of the source-drain current in a calibrated transistor reflects directly the changing extracellular voltage (Fromherz et al., 1991) .
Dynamics
The attached membrane on the right-hand side (t ϭ time). The equation is expressed in terms of current per unit area.
The intracellular voltage V M (t) is determined by Equation 3 with the current through the attached and free membrane on the left-and right-hand side, respectively. I inj is the injected current. A JM and A FM are the areas of attached and free membrane. Axon stump and soma of a Retzius cell are isopotential (Ross et al., 1988) .
The AP in a Retzius cell is dominated by voltage-gated sodium and potassium channels with some voltage-gated calcium channels (Johansen, 1991; Garcia et al., 1990; Kleinhaus & Angstadt, 1995) . The available information is not sufficient for a complete modelling. For that reason we used the classical parametrization for the squid axon (Hodgkin & Huxley, 1952) with rate equations for the gating variables m, h, n of sodium and potassium channels in the free and attached membrane. The resting voltage was set to V M ϭ -50 mV. The reversal voltages in the junction were assumed to be unchanged with V i J0 ϭ V i 0 , presuming that the extracellular ion concentrations are not affected. We transformed Equations 2 and 3 to two coupled equations dV J /dt ϭ f 1 (V M ,V J ) and dV M /dt ϭ f 2 (V M ,V J ) and integrated them numerically together with the rate equations, taking into account that gating in the junction depends on V M -V J .
Parameters
A specific capacitance c JG ϭ 0.3 µF/cm 2 was chosen for the gate region. It corresponds to the capacitance in the chip with 96 transistors, averaged appropriately over the regions of the thin gate oxide and of the thick oxide in between. We used a conductance of the junction g J ϭ 400 mS/cm 2 according to Equation 1 with a specific resistance ρ J ϭ 70 Ωcm in the cleft, a distance d J ϭ 40 nm of membrane and chip and an effective radius a J ϭ 8.5 µm of the junction. The choice of these parameters is based on the following arguments. 1 It was possible to measure the distance of membrane and chip only in the region of the neuronal growth cone by interference contrast microscopy (Braun & Fromherz, 1997 ). There we found 40 nm (unpublished) . As an estimate we used that value also for the axon stump. 2 The specific resistance of the bath was 70 Ωcm. As an estimate we assigned this value to the cleft between membrane and chip. 3 The diameters of the attached axon stumps were 15-20 µm. A diameter of 17 µm for the region of adhesion may be adequate.
The specific capacitance of Retzius cells is rather high-about 5 µF/cm 2 (Weis & Fromherz, 1997) -presumably due to microfolding of the membrane. Scanning electromicrographs showed that the rough surface of the soma extends to the axon stump. So we used c FM ϭ c JM ϭ 5 µF/cm 2 . The maximum conductances for sodium and potassium in the free membrane were assumed to be g 0 Na ϭ 120 mS/cm 2 and g 0 K 36 mS/cm 2 as in the squid axon. The densities of ion channels in the attached membrane of the axon stump were varied. They were expressed by multiples µ J Na and µ J K of the maximum conductances in the squid. The apparent membrane area of soma and axon stump of the Retzius cells was estimated to be about 20 000 µm 2 and the contact area in the axon stump to be about 220 µm 2 -with a ratio A FM /A JM µ 90.
Capacitive coupling
As a reference we considered pure capacitive coupling, neglecting any ionic current through the membrane in the junction. The intracellular and extracellular voltages V M (t) and V J (t) are shown in Fig. 5 . The response was biphasic with a positive peak in the rising phase of the AP followed by a weaker negative transient in the falling phase. This waveform corresponds to the A-type junctions observed in previous studies on transistors (Fromherz et al., 1991; Jenkner & Fromherz, 1997; Vassanelli & Fromherz, 1997) as well as to signals seen with extracellular planar metal electrodes (Breckenridge et al., 1995) . Apparently the pure capacitive coupling does not match the results of Fig. 2 at all.
Active junction
We introduced sodium and potassium channels to the junction. with an increasing conductance µ J Na ϭ µ J K ϭ 0.4, 0.8, 1.2, 1.6, 2.0. The result is shown in Fig. 6a . An enhanced density of channels leads to a compensation of the capacitive response. When the channel density is homogeneous with µ J Na ϭ µ J K ϭ 1 the extracellular signal disappears! If the local channel densities are higher than in the free membrane, the signal is inverted: the rising phase of the AP is accompanied with a negative voltage transient and the falling phase with a weaker positive peak. The shape of the computed response corresponded well to the C1-type junction (Fig. 2a) when the relative conductances were about µ J Na ϭ µ J K ϭ 1.6. In a second simulation we kept the sodium conductance high at µ J Na ϭ 2.0 and lowered the density of potassium channels with µ J K ϭ 2.0, 1.6, 1.2, 0.8, 0.4. The result is shown in Fig. 6b monophasic at a relative potassium conductance µ J K ϭ 1.6. It resembled then the C2-type junction shown in Fig. 2b . Further reduction of the potassium conductance gave rise to a negative transient in the falling phase of the AP (Fig. 5b) . The waveform at µ J K ϭ 0.8 with two negative peaks was similar to the C3-type junction shown in Fig. 2c .
In a third simulation we kept the potassium conductance high at µ J K ϭ 2.0 and lowered the density of sodium channels with µ J Na ϭ 2.0, 1.6, 1.2, 0.8, 0.4. The result is shown in Fig. 6c . Here the leading negative transient disappeared and the positive peak in the falling phase of the AP was enhanced. Such a junction was not observed in the present experiments.
Interpretation
The comparison of experiment and theory indicates that the C-type junctions are due to current flow through voltage-gated ion channels in the region of adhesion. experimental response in the falling phase (Fig. 2) can be assigned to a variable contribution of potassium conductance in the attached membrane. We do not know whether this variability is due to a heterogeneity of the cell membrane or to a different state of the cells.
For reference purposes we studied some neurons with the soma attached to the gate by con A. In those samples the extracellular voltage was dominated by a capacitive transient with positive peak in the rising phase of the AP as in previous studies with poly-lysine. The dominant role of sodium currents in the experiments may be assigned to the high density of sodium channels found near the axon stump of Retzius cells by loose patch-clamp (Garcia et al., 1990) . It is unknown whether in addition some different molecular interactions of poly-lysine and con A (Lin et al., 1989) with sodium and potassium channels play a part. A mere difference in the distance between membrane and chip would not affect the relative weight of the capacitive and of the ionic membrane currents.
Our interpretation relies on a comparison of experiment and simulation. This procedure has two critical aspects. 1 The simulation is based on electrophysiological properties of the © 1998 European Neuroscience Association, European Journal of Neuroscience, 10, 1956 Neuroscience, 10, -1962 squid axon. Though the overall shape of the action potential of the Retzius cells were reproduced nicely, the properties of the ion channels may be different (Johansen, 1991; Kleinhaus & Angstadt, 1995) . As a consequence we cannot expect to account for all details of the extracellular response.
2 The values of the conductances, i.e. the parameters µ J Na and µ K J which lead to a match of C1-type, C2-type and C3-type coupling depend on the values assumed for the conductance of the junction and for the membrane capacitance. A lower conductance g J or a lower capacitance c JM give rise to similar waveforms, although at lower membrane conductances. In principle, both problems can be overcome: g J and c JM can be measured by AC stimulation of the attached cells, recording the impedance and the coupling to the transistor (Weis & Fromherz, 1997) . The nature of the channels can be determined by currentclamp and voltage-clamp using selective blockers (Garcia et al., 1990) . The practical solution of the problem, however, will be difficult due to the individuality of the neuron-silicon junctions. It requires to elicit an AP, to measure the AC-transfer function and to perform blocking experiments in the same assembly under identical conditions.
The biphasic response with leading negative peak and delayed positive peak is the generic waveform for the new type of junction. There a high conductance of sodium and potassium overcompensates the biphasic capacitive transient. Other waveforms appear by partial activity of the voltage-gated channels in the attached membrane. For sake of a clear nomenclature we suggest to use the term 'C-type' not only for those junctions with a leading negative voltage transient (C1, C2, C3) but for all transients which may be derived from the full biphasic pattern (C1), e.g. also for those with a suppressed negative transient (Fig. 6c) .
Conclusions
There is no unique response of a neuron-transistor to neural activity. The signal depends on the electrical state of the membrane in the junction. (ii) The development of devices for mega-site recording -the design of chips and the handling of the data -has to take into account the variability of the extracellular signals on a transistor. (iii) Voltage-gated channels in a neuron-silicon junction may affect the mechanism of capacitive stimulation by oxidized silicon (Fromherz & Stett, 1995) . (iv) When a transistor records ionic currents, it can be the basis for neuropharmacological sensors using cells with ligand-gated channels.
